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Abbreviation 
 
aa                 : amino acid 
Amp              ：ampicillin 
ATP               : adenosine triphosphate 
BAG    : bcl-2 associated athanogene 
CS                : calf serum 
D-MEM       : dulbecco’ modified Eagle’s medium     
DMSO              : dimethyl sulfoxide 
dNTP              : deoxyribonucleoside 5-tiphosphate 
DRiPs              : defective ribosomal products 
DTT               : dithiothreitol 
ECL               : enhanced chemiluminescence 
EDTA              : ethylenediamine,N,N,N,N-tetra acetic acid 
FL                 : full length 
GST               : glutathione S-transferase 
IP                 : immunoprecipitation 
IPTG               : isopropy1-β-thiogaractoside 
LB                 : Luria bertani 
LC                 : luciferase 
mut                : mutant 
NEM               : N-ethylmaleimide 
NP-40              : nonidet P-40 
PAGE              : polyacrylamide gel electrophoresis 
PCR               : polymerase chain reaction 
PMSF    : phenylmethanesulfonyl fluoride 
Rpn                : regulatory particle non-ATPase 
SDS               : sodium dodecyl sulfate 
TE                 : tris-EDTA 
Tris                : tris (hydroxymethyl) aminomethane 
Triton X-100        : polyoxyethylene (10) octylphenyl ether 
Tween 20           : polyoxyethylene sorbitan monolaurate 
Ub                 : ubiquitin 
UBL               : ubiquitin-like 
UPS               : ubiquitin-proteasome system 
WT                : wild type 
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Experimental materials and reagents 
 
1. Experimental materials 
	 competent cells: DH5α, BL-21 
  HeLa cells 
 
2. Reagents 
  Glutathione sepharose 4B                     Amersham Biosciences 
  Big Dye Terminator ver.1.1                   Applied Bio systems 
  Big Dye Terminator cyc squencingready reaction  Applied Bio systems 
  Pure Nitrocellulose Membrane      BIO-RAD 
  Hily Max        DOJINDO 
  Favoprep Plasmid DNA Extraction Midi Kit  FAVOGEN 
  X-ray firm RX-U       FUJI FILM 
  HRP conjugate anti-mouse IgG     GE Healthcare 
  HRP conjugate anti-rabbit IgG     GE Healthcare 
  PVDF         GE Healthcare, PALL 
  ECL Western Blotting Detection Reagent   GE Healthcare 
  0.25% Trypsin-EDTA      GIBCO 
  BenchMark Prestained Protein Ladder   Invitrogen 
  Primer         Invitrogen, OPERON 
  Protease Inhibitor Cocktail     nacalai tesque 
  S-protein Agarose       Novagen 
  MG132 (Z-Leu-Leu-Leu-H)        PEPTIDE Institute 
  pCI-neo vector       Promega 
  QIAprep® Spin Miniprep Kit     QIAGEN 
  QIAprep® Gel Extraction Kit     QIAGEN 
  anti-s probe polyclonal antibody    santa cruz biotechnology 
  LB agar         SIGMA 
  LB broth        SIGMA 
  anti-FLAG M2-Agarose Affinity Gel    SIGMA 
  anti-FLAG M2 Monoclonal antibody    SIGMA 
  anti-actin Polyclonal antibody     SIGMA 
  synthetic oligopeptides      SIGMA Genosys 
  restriction enzyme       TaKaRa 
  KOD neo Plus        TOYOBO   
  D-MEM         WAKO 
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  WIDE-VIEW Prestained Protein Size Marker III  WAKO 
 
3. Composition of buffer 
   
 PBS                                    PBS-T 
  137 mM NaCl       PBS 
  2.7 mM KCl       0.1% Tween 20 
  4.3 mM Na2HPO4 
  1.4 mM NaH2PO4 
 
 Lysis buffer         Cleavage buffer 
  50 mM Tris-HCl (pH7.5)     50mM Tris-HCl (pH7.5) 
  150 mM NaCl       150 mM NaCl 
  5% Glycerol       1 mM EDTA 
  1% NP-40       1 mM DTT 
  5 mM EDTA 
  1 mM DTT 
  Protease Inhibitor Cocktail 
 
 Chaperon-removing buffer 
  50 mM Tris-HCl (pH7.5) 
  2 mM ATP 
  10 mM MgCL2 
  Lysis buffer 
 
 2X SDS sample buffer                      Transfer buffer 
  80 mM Tris-HCl (pH8.8)     25 mM Tris 
  2% SDS        192 mM Glycine 
  20% Glycerol       20% methanol 
  0.01% Bromophenol 
 
 1X TE buffer          Reprobing buffer 
  10 mM Tris-HCl (pH8.0)     10 mL SDS-PAGE buffer 
  1 mM EDTA (pH8.0)     200 µL ß-mercaptoethanol  
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 IP buffer        Chaperon buffer  
  20 mM Tris-HCl (pH7.5)      10 mM Tris-HCl 
  150 mM NaCl        150 mM NaCl 
  1 mM EDTA        5 mM EDTA 
  1% NP-40        1% Tween 20 
  25 µM MG132       10% glycerol 
  10 mM NEM        1 mM DTT 
  Protease Inhibitor Cocktail     1 mM PMSF 
          3 mg/mL pepstatin A 
          5 mg/mL aprotinin 
          10 mM NEM 
          25 µM MG-132 
          Protease Inhibitor Cocktail 
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Introduction 
 
  Proteins are exquisitely folded into its own correct conformation to fulfill the diverse 
and essential roles in eukaryotic cells. Native states of proteins almost always 
correspond to the stable structures under physiological conditions (1). It is obvious that 
protein folding is a crucial ways of regulating biological activity. However, protein 
misfolding occurs frequently as a consequence of environmental stresses or mutations, 
such as heat shock, that can damage their structural integrity and cause misfolding. The 
misfolded proteins have high tendency to form aggregation which can be toxic to living 
cells. Such proteins are called DRiPs (Defective Ribosomal Products) (Fig. A). The 
deleterious consequences of not dealing with defective proteins properly result in 
human diseases such as Alzheimer and Parkinson (2). It was reported that most of 
DRiPs are ubiquitinated and degraded by UPS (Ubiquitin Proteasome System) which 
protects cells from the toxic accumulation of DRiPs (Fig. B).  
  On the other hand, hydrophobic residues of native folded proteins are buried inside 
but have become surface through misfolding. Several previous studies have proved that 
the exposed hydrophobic residues of defective proteins have the function as degradation 
signal. These hydrophobic residues act as degradation signal and channel defective 
proteins for degradation via UPS. 
   In our previous studies, a protein called BAG6 (also called Scythe in Xenopus), 
which includes multi-domain, plays a key role as assistance of ubiquitin-mediated 
degradation of defective proteins and poly-ubiquitin substrates (3,4). Bag6/Scythe can 
effectively shield hydrophobic portion exposed on the surface of a polypeptide, 
preventing aggregation or inappropriate interactions (4). Moreover, it was reported that 
BAG6/Scythe captures various aggregation-prone polypeptides according to their 
hydrophobicity after released from ribosome (5). However, the mechanism of 
hydrophobicity recognition of defective proteins and poly-ubiquitin substrates remain 
BAG6/Scythe unclear. 
  In this study, I employ the defective protein model peptide CL1 which contains 
highly hydrophobic region. CL1 amino acid sequence represents a frameshifted region 
of the yeast PMD1 gene (6,7). CL1 was previous reported to act as degradation signal 
for ubiquitin-dependent pathway (8). In our previous studies, hydrophobic residues of 
CL1 are necessary for BAG6 recognition (9). Also it was proved that BUILD domain 
(126~184) of BAG6 (Fig. C) was identified as a essential conserved domain for CL1 
degron and poly-ubiquitin substrates recognition (9). 
   In the first chapter of this thesis, I purified the Scythe hydrophilic derivatives to 
figure out whether the hydrophobic residues in Scythe are essential for defective 
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proteins recognition or not, since hydrophobic residues have a high inclination to be 
aggregated to each other in aqueous solution. As a result, I found that the six conserved 
hydrophobic residues in the C-terminus of BUILD domain are necessary for CL1 
degron recognition.  
   Based on this result, in second chapter, I also designed the hydrophilic variant of 
full length BAG6 and explored whether the hydrophobicity of conserved BUILD 
domain is essential for recognition of defective proteins and poly-ubiquitin substrates in 
living cells. Consequently, abolishing the hydrophobic residues in BUILD domain 
reduced the affinity for defective proteins and poly-ubiquitin substrates. Moreover, 
DUF3538 domain (residues 276~392) of human BAG6 was reported to be available for 
recognizing heat denature luciferase (9). And I found that DUF3538 domain is also 
relevant to defective protein recognition. These observations suggest that 
hydrophobicity in both BUILD domain and DUF3538 domain are essential for defective 
proteins and poly-ubiquitin substrates recognition in cells. I propose a model that 
conserved several residues (may be hydrophobic) in DUF3538 domain as well as 
BUILD domain and are probably play a key role in substrate recognition. 
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A. Aggregation of misfolded proteins 
B. Ubiquitin Proteasome System 
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C 
 
 
C. Full length BAG6 includes UBL, BUILD and DUF3538 domain. 
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Chapter one:  Identification of hydrophobic residues in BUILD domain of BAG6 for 
DRiPs model CL1 degron recognition in in vitro 
 
1-1. Beginning 
  Bag6/Scythe was originally identified as a gene located in the human major 
histocompatibility complex (MHC) (10,11,12). It is important to regulate biological 
activity though its function remains a huge mystery.  
  Bag6/Scythe is an abundant cellular protein highly conserved in higher eukaryotes. 
Sequence analysis showed that Bag6/Scythe has multi-domain, containing an 
N-terminal ubiquitin-like (UBL) domain that has been characterized structurally, a 
Domain of Unknown Function (DUF)3538 domain, a zinc finger-like domain and a 
BAG domain. In our previous analysis that N-terminal 436 residues of BAG6 (human) 
homologous protein Scythe (Xenopus) binds to the proteasome Rpn10c subunit, and 
showed that this region is required for apoptotic control (13). In addition, BUILD 
domain in Domain I (containing UBL and BILD) of BAG6 (Fig. 1-1B) is required for 
recognition of defective protein that were reported in our recently study.  
  BUILD domain is highly evolutionally conserved and similar to ubiquitin. And 
disorder/order structure prediction as well as CD analyses showed that BUILD region 
forms a distinct structure domain (14). Furthermore, 20 amino acids in BUILD domain 
(Scyhte 176~195) were proved to be required for recognizing the model defective 
protein substrate CL1. On the other hand, the hydrophobic residues of CL1 degron was 
reported to relate to hydrophobic interaction with BAG6/Scythe (9). 
  For the reason that Hydrophobic residues have a high inclination to be aggregated to 
each other in aqueous solution, I purified the Scythe hydrophilic derivatives fragment 
recombinant proteins to figure out whether the hydrophobic residues in Scythe are 
essential for defective proteins recognition or not. As a result, I found that the six 
conserved hydrophobic residues of BUILD domain are necessary for CL1 degron 
recognition in in vitro. 
 
1-2. Experimental Procedures 
1-2-1. Plasmid construction 
  The cDNA of Xenopus Scythe was amplified by PCR from Xenopus embryonic 
cDNA libraries. The hydrophilic mutant N195 of Scythe was constructed by PCR and 
inserted into vectors for protein expression. 
  1) PCR amplification 
  First of all, pGEX6P1-ScytheN195 wild type as template, hydrophilic mutant N195 
of Scythe was constructed by PCR. 
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Forward Primer 5’- ATGAATTCATGGCAGCTAATGAGAAAATG - 3’ 
Reverse Primer 5’- ATGTCGACTTACTGCTCATTAACTGCTTGTCCCTCAGAAC 
GATCAGAAGACCTCTGAGAGTCCTGAGAAGAGTGCTGAGCCAAAACAAGA
CGAAC - 3’ 
    
 
 
 
 
 
 
 
 
 
The procedure started with 1% agarose gel electrophoresis. Following electrophoresis, 
cut DNA bands out of the agarose gel for gel extraction by QIA quick Gel Extraction 
Kit Protocol. 
 
2) Ligation 
  The PCR products in 1) were digested with appropriate enzyme. Enzyme (EcoR I ,Sal 
I) and pGEX vector as well as PCR products in 1)  were added and incubated for 3 
hours at 37°C . Then agarose gel electrophoresis . Following electrophoresis, extracted 
DNA from gel. 
 
Digestion 
 
     
 
 
 
 
 
 
Ligation 
  Added two of digestion products and ligated by ligation buffer for 1 hour at native 
condition. 
95°C              
95°C             
62.5°C            
68°C               
68°C              
2min              
20sec
20sec            
1minX25               
2min             
10X KOD Plus Neo Buffer    
dNTPs                    
MgSO4                             
Forward Primer 
Reverse Primer   
Template 
MilliQ 
KOD Plus Neo 
Total 
5 
5 
2 
1.5 
1.5 
1 
33 
1 
50 
5 
5 
2 
1.5 
1.5 
1 
33 
1 
(µL) 
10X H Buffer    
pGEX6P1 vector                    
EcoR I                           
Sal I 
MilliQ   
Total 
2.5 
5 
0.5
0.5 
16.5 
25(µL) 
10X H Buffer                    
EcoR I                           
Sal I 
PCR product   
Total 
5 
1 
1 
50 
57(µL) 
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3) Direct PCR 
  The products of ligation were added in 50µL Escherichia coil DH5α and incubated 
for 30 minutes on ice. After 42°C heat shock for 45 seconds and cool down on ice for 2 
minutes, 50µL LB broth were added and incubated at 37°C for 30 minutes. And then 
added all to LB Agar which contained 50µL/ml Amp for overnight incubation. Picked 
up and sorted out the colonies, which were ligated successfully by direct PCR. 
 
    
 
 
 
 
 
 
 
In the end, picked up the successful colonies to incubate at 37°C overnight with LB 
broth and purified the plasmid by using QIAprep® Spin Miniprep Kit. 
 
1-2-2. Preparation of recombinant protein of Scythe 
   For preparation of GST-fused recombinant fragment protein of Scythe N195 wild 
type and mutant, cDNAs of Scythe N195 were added in 50 µL E.coil BL21 and 
incubated on ice for 30 minutes. After incubating, 42°C heat shock for 45 seconds and 
cool down on ice for 2 minutes. 50µL LB broth were added and incubated at 37°C for 
30 minutes. And then added all to LB Agar which contained 50µL/ml Amp for 
overnight incubation. Picked up the colonies and incubated with LB broth(contained 
Amp) until absorbance at 600 nm (known as OD600) reached approximately 0.4. Added 
IPTG up to 0.3mM and incubated at 18°C for 16 hours. Lysates were harvested by 
15000rpm centrifugation. 
  Afterwards lysates were prepared by sonication in Lysis buffer (50mM Tris-HCl 
pH7.5, 150mM NaCl, 5% Glycerol, 1% NP-40, 5mM EDTA 1mM DTT and Protease 
Inhibitor Cocktail). Pre-cleared lysates were applied to glutathione Sepharose 4B beads 
and incubated for 1 hour at 4°C. After washing with Lysis buffer for 5 times, further 
   
pGEX6P1 vector                    
PCR product                      
ligation Buffer 
Total 
   1                           
  10 
  5.5 
 16.5(µL) 
10X Reaction Buffer   
dNTPs mix                  
50 mM MgCl2                             
Forward Primer 
Reverse Primer   
MilliQ 
HybiPol DNA Polymerase 
Total 
1 
0.8 
0.5 
0.2 
0.2 
7.2 
0.1 
50(µL) 
95°C              
95°C             
55°C            
72°C               
72°C              
2min              
20sec
30sec            
1minX35               
2min             
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incubated with Chaperone-removing buffer (10mM MgCl2, 5mM ATP, Lysis buffer) for 
30min at 37°C. Afterwards washing with Cleavage buffer ( 50mM Tris-HCl pH7.5,  
150mM NaCl, 1mM EDTA, 1mM DTT), mixture were incubated with PreScission  
protease in Cleavage buffer at 4°C for 16 hours to allow protease to cleave the GST tag. 
The eluted recombinant protein was used for analysis. 
 
1-2-3. Far Dot Blot 
  Nitrocellulose membrane was treated by PBS for 5 minutes. Vacuum-based dot blot 
apparatus had been used to facilitate the incubating process by using vacuum to extract 
the 200 µL PBS and 200 µL FLAG-CL1 pepptides on membrane. Took out the 
membrane and blocked with 5% skim milk (in PBS-T) for 30 minutes. And then 
incubated the membrane in eluted recombinant protein for 1 hour at room temperature. 
After incubation, washed by PBS-T for 3 times and incubated the membrane with 
primary antibody for 1 hour at room temperature. Washed the membrane in PBS-T for 3 
times before incubated the membrane with secondary antibody for 30 minutes. Washed 
the membrane in PBS-T for 3 times and analyzed by ECL Western Blotting Detection 
Reagent. 
 
anti-FLAG M2 monoclonal antibody           
anti-Scythe polyclonal antibody               
HRP conjugate anti-mouse IgG              
HRP conjugate anti-rabbit IgG              
 
1-2-4. Pull-down experiments with FLAG-CL1 peptides 
  N-termianl 195-residues fragment of Xenopus Scythe were dissolved in PBS 
containing 0.1% Triton-X 100 (Total 150 µL). The concentration of the Scythe 
recombinant protein was 6.7 µg/mL that corresponds to the concentration of these 
proteins in living cells. Synthesized CL1 peptides (in DMSO) was added to Scythe 
solution up to 33 µg/mL and incubated for 1 minute at room temperature.  Mixed with 
3 µL anti-FLAG M2–agarose beads, which were blocked by skim milk prior treatment, 
and incubated for 5 minutes at room temperature. After incubation, FLAG M2–agarose 
beads were washed by PBS-Triton-X 100 for five times. The precipitated 
immunocomplexes were analyzed by Western Blot. 
 
1-2-5. Western Blot 
  The precipitated immunocomplexes were separated by SDS/PAGE and transferred 
onto Hybond P membranes. Then membranes were incubated with 5% skim milk (in 
   X10000                         
   X10000 
   X10000 
   X10000 
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PBS-T) for 30 minutes at native condition. Afterwards, incubated the membrane with 
primary antibody for 1 hour at room temperature. Washed the membrane in PBS-T for 3 
times before incubated the membrane with secondary antibody for 30 minutes. Washed 
the membrane in PBS-T for 3 times and analyzed by ECL Western Blotting Detection 
Reagent.  
           
anti-Scythe polyclonal antibody              
HRP conjugate anti-rabbit IgG 
 
  DNA recombination experiments: The study was approved by the Research Ethics 
and Safety Committee of Tokyo Metropolitan University (approval number, 27-35). All 
experiments were performed in accordance with the Committee policies. 
 
1-3. Results 
1-3-1. Six conserved hydrophobic residues probably determinate the hydrophobicity of 
the region in C-terminus (residues 176~195).  
  The C-terminus (residues 176~195) of Xenopus Scythe fragment contains six 
conserved hydrophobic residues (Ile177, Leu178, Ile181, Ile184, Leu185, and Leu186) 
(Fig. 1-1A). The Kyte-Doolittle scale indicated a stretch of 20 amino acids (residues 
176~195) showed positive for hydrophobicity peak (Fig.1-2B). Nevertheless, the 
substitutions of six hydrophilic serines mutant reduced the hydrophobicity peak of 
C-terminus (Fig.1-2A,C). 
 
1-3-2. The substitutions of six hydrophilic serines mutant fails to directly recognize 
FLAG-CL1 peptides in in vitro 
  It was reported previously that Scythe directly interacts with CL1 in living cells (9). I 
explored whether the substitutions of six hydrophilic serines mutant directly recognize 
FLAG-CL1 peptides in in vitro or not. The proteins were subjected to far dot blot 
analysis that are not separated electrophoretically to transfer to membranes but are 
instead spotted directly onto membranes. As result, Scythe N195 wild type fragment 
interacted with CL1 while six serines mutant failed to directly recognize CL1 (Fig.1-3). 
 
1-3-3. Six conserved hydrophobic residues of BUILD domain are necessary for CL1 
degron recognition in in vitro solution 
  BUILD domain (Scyhte 109~189) (Fig. 1-1B) were proved to be required for 
recognizing the hydrophobic residues of model defective protein substrate CL1 in 
cytoplasm (9). Six conserved hydrophobic residues (Ile177, Leu178, Ile181, Ile184, 
X10000 
   X10000 
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Leu185, and Leu186) are contained in this domain. An in vitro pull-down assay was 
applied (Fig.1-4A). As a consequence, Scythe N195 wild type fragment co-precipitated 
with CL1 while six serines mutant could not (Fig.1-4B).  
 
1-4. Discussion 
  In our previous studies showed that mammalian BAG6/Scythe play a novel role of 
recognizing CL1 degron peptides in cells, and BUILD domain in N-terminal 436 
residues of BAG6 was identified as recognition of defective protein (13). Furthermore, 
20 amino acids in C-terminus (Scyhte residues 176~195) are required for recognizing 
the hydrophobic residues of model defective protein substrate CL1 in cytoplasm that 
had been proved (9). On the basis of these evidences, I focused on the evolutionarily 
conserved residues in these 20 amino acids (Fig.1-1). With the findings of 
Kyte-Doolittle scale analysis (Fig 1-2), which indicated these acids show positive for 
hydrophobicity peak, it should be noted that there are six conserved hydrophobic 
residues and they probably determinate the hydrophobicity of this region. Therefore, 
substitutions of six hydrophilic serines mutant was purified and found reduce the 
hydrophobicity peak of C-terminus (Fig1-3,1-4). It suggests that six conserved 
hydrophobic residues mean to contribute this hydrophobicity.  
  As we known, hydrophobic residues tendency to avoid contract with water but 
feasibly make hydrophobic interaction with the others in aqueous solution. It was 
reported that 20 amino acids in C-terminus are able to bind exposed hydrophobic 
residues of CL1 degron in in vitro (9). As a consideration based on these facts, six 
hydrophilic serines mutant was subjected to far dot blot and pull-down experiment. 
Both in far dot blot and in pull-down experiment, the serines mutant abolished its 
affinity for hydrophobicity of CL1. It suggests that the hydrophobic residues in BUILD 
domain of BAG6/Scythe are essential to recognize defective polypeptide model CL1 
degron in in vitro. 
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A 
 
 
 
B 
 
 
Fig. 1-1.  
 
A. Six conserved hydrophobic residues in Xenopus, Mouse and Human. 
B. Scythe N195 wild type 
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Fig. 1-2. Six conserved hydrophobic residues probably determinate the hydrophobicity 
       of the region in C-terminus   
    
   A.  Scythe N195 serines mutant 
   B,C. The hydrophobicity of Scythe N195 wild type and N195 mutant sequence were        
analyzed by Kyte-Doolittle scale. The region of residues 175~195 is indicated 
by red frame. Window size setting is 9. More hydrophobicity score means  
higher hydrophobicity. Below zero means hydrophilicity. 
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Fig. 1-3. The substitutions of six hydrophilic serines mutant fails to directly recognize 
FLAG-CL1 peptides in in-vitro 
 
  Nitrocellulose membrane was treated by PBS for 5 minutes. Vacuum-based dot blot 
apparatus had been used to facilitate the incubating process by using vacuum to extract 
the 200 µL PBS and 200 µL FLAG-CL1 pepptides on membrane. Took out the 
membrane and blocked with 5% skim milk (in PBS-T) for 30 minutes. And then 
incubated the membrane in eluted recombinant protein (in skim milk) for 1 hour at 
room temperature. After incubation, washed by PBS-T for 3 times and incubated the 
membrane with primary antibody for 1 hour at room temperature. Washed the 
membrane in PBS-T for 3 times before incubated the membrane with secondary 
antibody for 30 minutes. Washed the membrane in PBS-T for 3 times and analyzed by 
ECL Western Blotting Detection Reagent. 
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Fig. 1-4. Six conserved hydrophobic residues of BUILD domain are necessary for CL1 
degron recognition in in vitro solution 
 
  A. Pull-down experiments with FLAG-CL1 peptides 
  B. N-195 fragment of Scythe were dissolved in PBS containing 0.1% Triton-X 100 
(Total 150 µL). The concentration of the Scythe recombinant protein was 6.7 µg/mL 
that corresponds to the concentration of these proteins in living cells. Synthesized CL1 
peptides (in DMSO) was added to Scythe solution up to 33 µg/mL and incubated for 1 
minute at room temperature.  Mixed with 3 µL anti-FLAG M2–agarose beads, which 
were blocked by skim milk prior treatment, and incubated for 5 minutes at room 
temperature. After incubation, FLAG M2–agarose beads were washed by PBS-Triton-X 
100 for five times. The precipitated immunocomplexes were analyzed by Western Blot. 
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Chapter two: Conserved hydrophobic residues in BUILD domain and DUF3538 domain 
of BAG6 participate in DRiPs recognition in in vivo 
 
2-1. Beginning 
  It has been noted in chapter one that the six hydrophobic residues of BAG6 
homologous protein Scythe fragment are essential to recognize defective polypeptide 
model CL1 degron in in vitro. However, it remains unclear in in vivo. Previous results 
so far indicated that BAG6 associates with the ubiquitin-mediated degradation of 
diverse defective proteins, including CL1-degron-fused proteins and polyubiquitinated 
defective proteasomal substrates. In our recently research that BUILD domain of 
Domain I is necessary for BAG6-mediated substrate recognition in mammalian cells (9). 
Moreover, Domain II (residues 220~465), which includes a Domain of Unknown 
Function called DUF3538 domain (residues 276~392) of BAG6, also related to DRiPs 
recognition that was reported (9).  
  In this chapter, to examine whether the six conserved hydrophobic residues in 
BUILD domain and DUF3538 be able to recognize substrate in living cells, I prepared 
mammalian expression vectors that encode wild type and mutant BAG6 proteins and 
transfected them in HeLa cells. As a result, both six hydrophobic residues in BUILD 
domain and DUF3538 domain are relevant to substrate recognition in mammalian cells. 
 
2-2. Experimental Procedures 
2-2-1. Plasmid construction 
2-2-1-1. In-Fusion 
  HeLa expression vectors pCI-neo-2xS vector contains two repeats of an S peptide 
sequence. Full length human BAG6 and Δ221~364 form of BAG6 (deleing residues 
221~364 from full length BAG6) as templates, the mutant 6SFL and 6S (Δ221~364) of 
BAG6 were constructed by PCR. 
  
 Forward Primer  5’- GTGCTGAGCCATCACCAGCCG -3’ 
 Reverse Primer  5’- GAGTGTCGAGGAGGGCCCCAA -3’ 
 
Set up In-Fusion cloning reaction 
Insert sequence (six serines)  5’- GTGATGGCTCAGCACTCCTCCAGGGATTCCC 
AGACCTCCTCCTCCCGGTCCGAGTGTCGAGGAGGG -3’ 
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  Incubate the reaction for 15 min at 50°C, then place on ice. Afterwards, transformed 
by Escherichia coil DH5α and incubated for 16 hours at 37°C. After mini prep, check 
sequence 
 
2-2-1-2. inverse PCR amplification 
  The mutant 6SFL was constructed in 2-2-1-1 and Δ221~364 form of BAG6 (deleing 
residues 221~364 from full length BAG6) as templates, the mutant 6SDUF and Δ6s 
were were constructed by PCR. 
  6SDUF (deleting residues 221~275 from 6SFL) 
Forward Primer  5’- GAGCTACAGCGGCTGGAGAGTCGCCTCCAG -3’ 
Reverse Primer  5’- ACTTTCAACTGGTTCTGATGTTTGAGAGCT -3’ 
  Δ6s (deleting residues 172~183 from Δ221~364 construct) 
Forward Primer  5’- GTGCTGAGCCATCACCAGCCG -3’ 
Reverse Primer  5’- GAGTGTCGAGGAGGGCCCCAA -3’ 
 
  PCR product was processed by ethanol precipitation. Then, added 17 µL MilliQ. 
After vortexing, incubated with 2 µL Cut Smart buffer and 1 µL DPN-l for 1 hour in 
37°C. And then gel extraction. 2 µL gel extraction product, 2 µL Ligation High buffer 
and 2 µL T4PNK were incubating together for 2 hours in 37°C. Afterward, transformed 
by Escherichia coil DH5α and incubated for 16 hours at 37°C. After mini prep, check 
sequence. 
 
2-2-2. Mammalian cell culture and transfection 
  Cells were stored in an incubator at 37°C and 5% CO2. The following procedure is 
for passaging HeLa cells that are incubated in a 10 cm dish. First of all, aspirated off the 
cell media and washed the cells with 12 mL PBS. After aspirating off PBS, added 1mL 
Trypsin/EDTA that was enough to cover the surface of the dish. Then incubated for 1 
minute and added 9 mL D-MEM to the dish. Pipetted media up and down and removed 
cells from the surface of dish. After 3 minutes 500 rpm centrifugation, cells pellets were 
PCR product(Vector10ng/µL)                    
insert(200ng/µL)                           
In-Fusion enzyme 
MilliQ   
Total 
5
0.25 
1 
3.75 
10(µL) 
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added 10 mL cell media and moved appropriate volume into new 10 cm dish or six well 
plates. 
  The total amount of plasmid DNA was adjusted to 0.25µg with 0.5 µL Hily Max and 
incubated for 15 minutes in room temperature. And added to HeLa cells in 6 well dish 
for 24 hours incubation in 37°C. After harvesting with 200µL sample buffer for each 
well, subjected to SDS-PAGE for analysis. 
 
2-2-3. S-pull-down experiments 
  For S-pull down experiments, cells were treated with 10 µM MG132 for 12 hours 
before harvesting. Cultured HeLa cells were washed by cold PBS twice, then lysed with 
500 µL IP buffer. The lysate was sonicated before 15000rpm centrifuged for 10 
minutes at 4°C. The supernatant was incubated with 4 µL S-protein agarose beads for 
1h at 4°C. After 5 times washed by IP buffer, the precipitated immunocomplexs were 
subjected to SDS-PAGE and western blot analyses. 
  In polyubiquitinated protein pull-down experiment, instead of IP buffer, chaperon 
buffer was used.  
 
2-2-4. Western Blot 
  Procedure is the same as 1-2-5. 
anti-FLAG M2 monoclonal antibody           
anti-S peptide antibody 
anti-polyubiquitin FK2 antibody               
HRP conjugate anti-mouse IgG              
HRP conjugate anti-rabbit IgG 
 
  DNA recombination experiments: The study was approved by the Research Ethics 
and Safety Committee of Tokyo Metropolitan University (approval number, 27-35). All 
experiments were performed in accordance with the Committee policies. 
 
2-3. Results 
2-3-1. Six conserved hydrophobic residues of BUILD domain are required for defective 
protein model CL1 recognition 
  We found that Domain I (residues 1~220) and Domain II (residues 221~465) of 
human BAG6 (Fig. C) redundantly interact with defective substrates (13). Moreover, 
deleting Domain I and Domain II completely abolishes substrates recognition (13). To 
avoid redundancy recognition of Domain II, previous studies showed that deleting 
residues 221~364 from full length BAG6 can interact with substrates (Fig.2-1), whereas 
   X10000                         
   X2000 
X5000 
   X10000 
   X10000 
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removing residues 160~364 (deletion of six hydrophobic residues) reduced affinity for 
substrates (9). In this pull-down experiment, CL1-degron-fused protein luciferase-CL1 
was used, which is representative defective proteasomal substrates in mammalian cells. 
As expected, the Δ221~364 could co-precipitate with FLAG-luciferase-CL1 but Δ6S 
(deleting minimum region of six hydrophobic residues from Δ221~364) and 6S 
(substitution of six serines) could not (Fig.2-2). 
 
2-3-2. Six conserved hydrophobic residues of BUILD domain are required for 
MG-132-induced polyubiquitinated substrates recognition 
  We previously reported that Domain I of BAG6 is essential for polyubiquitinated 
defective proteasomal substrates recognition and BUILD domain plays a important role 
in this function (9). Similar to CL1 recognition, Δ221~364 could co-precipitate 
MG-132-induced polyubiquitinated substrates as efficiently as full length BAG6 
whereas due to availability of Domain I. However, Δ6S and 6S largely abolish affinity 
for polyubiquitinated substrates (Fig.2-3). 
 
2-3-3. DUF3538 domain possibly recognizes defective protein model CL1  
  Since Domain II (including DUF3538 domain) is relevant to defective substrates, I 
observed the conserved domain DUF3538 (residues 276~392). Abolishing 
hydrophobicity of six hydrophobic residues of full length BAG6 (Fig.2-4A), the mutant 
designated 6SFL and showed that region 221~364 is required for CL1 recognition 
(Fig2-4B). Furthermore, mutant 6SDUF (removing residues 221~275 and including full 
length DUF3538) (Fig.2-5A) interacted with FLAG-luciferase-CL1 as expected 
(Fig.2-5B). 
 
2-4. Discussion  
  The evidences of chapter one showed that six hydrophobic residues of BUILD 
domain are required for CL1 recognition in in vitro. In this chapter, I provide facts that 
six hydrophobic residues of BUILD domain are also relevant to CL1-degron-fused 
protein recognition in in vivo. Besides defective substrate model, six hydrophobic 
residues of BUILD sequence are involved in mammalian cells recognition of 
polyubiquitinated defective substrate as well. These observations suggest that six 
hydrophobic residues of BUILD region are essential for substrates interaction in 
ubiquitin-proteasome system. And also provide a evidence that hydrophobicity 
recognition probably play a important role in protein quality control (PQC) in living 
cells. 
  Furthermore, another domain of unknown function called DUF3538 was reported to 
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be available for recognizing heat denature luciferase (15,16). Heat denature luciferase is 
trapped due to its exposed hydrophobicity (15,16). The experiment, which was noted in 
chapter two, shows that region 276~364 of DUF3538 domain interacts with defective 
substrate model CL1 degron. It suggests that DUF3538 is relevant to defective protein 
recognition as well. And I provide a fact that DUF3538 has several hydrophobicity 
peaks as well as BUILD domain. It indicates that conserved hydrophobic residues in 
DUF3538 domain as well as BUILD domain and are probably play a key role in 
substrate recognition.  
  The full length BAG6 complex captures the long hydrophobic stretch (TMD) of tail 
anchor protein (17,18) and a region of BAG6 C-terminus including BAGS domain is 
targeted by tail anchor proteins (TA) (19). Domain I, containing BUILD region, has an 
intrinsic affinity for short hydrophobic stretch CL1 degron (shown in this study). As the 
BUILD domain, DUF3538 domain is redundantly required for these defective proteins 
interaction in in vivo. It should be noted that DUF3538 has several hydrophobicity 
region (Fig. supplement) and nearby BUILD domain. I suspect that two of these 
domains might construct a hydrophobicity module for hydrophobicity bindings. All 
these observations suggest that full length BAG6 has a broad specificity for recognizing 
hydrophobic regions and might contains multiple substrate-dependent gateways to 
recognize exposed hydrophobic region of defective substrates.  
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Fig. 2-1. Six conserved hydrophobic residues deleting and substitution of serines  
    Human BAG6 mutants 
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Fig. 2-2. Six conserved hydrophobic residues of BUILD domain are required for CL1 
degron recognition in in vivo 
 
  For S-pull down experiments, cells were treated with 10 µM MG132 for 12 hours 
before harvesting. Cultured HeLa cells were washed by cold PBS twice, then lysed with 
500 µL IP buffer. The lysate was sonicated before 15000rpm centrifuged for 10 
minutes at 4°C. The supernatant was incubated with 4 µL S-protein agarose beads for 
1h at 4°C. After 5 times washed by IP buffer, the precipitated immunocomplexs were 
subjected to SDS-PAGE and western blot analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 28 
 
 
 
Fig. 2-3. Six conserved hydrophobic residues of BUILD domain are required for 
polyubiquitinated proteasomal substrates recognition in in vivo 
 
  For polyubiquitinated substrates S-pull down experiments, cells were treated with 10 
µM MG132 for 12 hours before harvesting. Cultured HeLa cells were washed by cold 
PBS twice, then lysed with 500 µL chaperon buffer. The lysate was sonicated before 
15000rpm centrifuged for 10 minutes at 4°C. The supernatant was incubated with 4 
µL S-protein agarose beads for 1h at 4°C. After 5 times washed by chaperon buffer, the 
precipitated immunocomplexs were subjected to SDS-PAGE and western blot analyses. 
Noted that FK2 ubiquitin antibody highly efficiently cross-reacted with N-terminal of 
BAG6 (indicated by asterisks).  
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Fig. 2-4. The region 221~364 is revelant to recognize defective protein model CL1  
        in in vivo 
 
 A. Full length BAG6 serines mutant  
 B. For S-pull down experiments, cells were treated with 10 µM MG132 for 12 hours 
before harvesting. Cultured HeLa cells were washed by cold PBS twice, then lysed with 
500 µL IP buffer. The lysate was sonicated before 15000rpm centrifuged for 10 
minutes at 4°C. The supernatant was incubated with 4 µL S-protein agarose beads for 
1h at 4°C. After 5 times washed by IP buffer, the precipitated immunocomplexs were 
subjected to SDS-PAGE and western blot analyses. 
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Fig. 2-5. DUF3538 domain possibly recognizes defective protein model CL1 in in vivo 
 
  A. DUF3538 serines mutant  
  B. For S-pull down experiments, cells were treated with 10 µM MG132 for 12 hours 
before harvesting. Cultured HeLa cells were washed by cold PBS twice, then lysed with 
500 µL IP buffer. The lysate was sonicated before 15000rpm centrifuged for 10 
minutes at 4°C. The supernatant was incubated with 4 µL S-protein agarose beads for 
1h at 4°C. After 5 times washed by IP buffer, the precipitated immunocomplexs were 
subjected to SDS-PAGE and western blot analyses. 
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Supplemental Figure 
 
  The hydrophobicity of Human BAG6 DUF3538 sequence were analyzed by 
Kyte-Doolittle scale. Window size setting is 9. More hydrophobicity score means higher 
hydrophobicity. Below zero means hydrophilicity. 
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Final 
1. Six conserved hydrophobic residues of BUILD domain are required for 
polyubiquitinated defective substrates recognition 
 
2. DUF3538 domain is relevant to defective substrate recognition.  
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